An approach to analyzing single-nucleotide polymorphisms (SNPs) found in the human genome has been developed that couples a recently developed invasive cleavage assay for nucleic acids with detection by matrix-assisted laser desorption͞ionization time-of-f light mass spectrometry (MALDI-TOF MS). The invasive cleavage assay is a signal amplification method that enables the analysis of SNPs by MALDI-TOF MS directly from human genomic DNA without the need for initial target amplification by PCR. The results presented here show the successful genotyping by this approach of twelve SNPs located randomly throughout the human genome. Conventional Sanger sequencing of these SNP positions confirmed the accuracy of the MALDI-TOF MS analysis results. The ability to unambiguously detect both homozygous and heterozygous genotypes is clearly demonstrated. The elimination of the need for target amplification by PCR, combined with the inherently rapid and accurate nature of detection by MALDI-TOF MS, gives this approach unique and significant advantages in the high-throughput genotyping of large numbers of SNPs, useful for locating, identifying, and characterizing the function of specific genes.
Single-nucleotide polymorphisms (SNPs) are the most abundant type of variation found in the human genome, with an estimated frequency of one polymorphic nucleotide per kilobase, giving them utility as genetic markers in linkage and association studies aimed at identifying and characterizing genes involved in biological function and human disease (1) (2) (3) (4) . The biallelic nature of SNPs makes them less informative than other types of genetic variations, thus large numbers of known SNPs will need to be genotyped to map and identify gene functions of interest (3) . This necessitates the development of rapid, robust, and automatable approaches to the highthroughput screening of SNPs (2, 4) .
Matrix-assisted laser desorption͞ionization time-of-flight mass spectrometry (MALDI-TOF MS) (5, 6 ) is a promising technology for the high-throughput genotyping of SNPs, and to this end several MALDI-based approaches have been developed in recent years (7) (8) (9) (10) (11) . The benefits conferred by MALDI-TOF MS to the analysis of biomolecules include (12) : (i) speed, in that the ionization and detection of the analyte are done in milliseconds; (ii) measurement based on the intrinsic mass-to-charge ratio (m͞z) of the analyte ions, which is not susceptible to effects of secondary structure; and (iii) amenability to automation. Taken together, these aspects of MALDI-TOF MS make it ideally suited to the problem of highthroughput SNP analysis.
Common to almost all existing methods of SNP analysis, MALDI-based or otherwise, is an initial target amplification step using PCR (13) , followed by further hybridization or enzymatic manipulation of the resulting PCR amplicon (4, (7) (8) (9) (10) (11) . Despite its widespread utility in basic research, PCR does have significant limitations when used in a highthroughput setting, including crossover contamination issues (14, 15) and variability of optimal reaction conditions and yields between different amplification targets (16, 17) , as well as differential amplification yields of alleles in regions containing sequence polymorphisms (18) . Given these inherent limitations to PCR-based high-throughput SNP analysis methods, it is clear that the development of simpler and more direct analysis approaches would be desirable.
We describe an approach to analyzing SNPs in human DNA that employs the Invader (Third Wave Technologies) assay, an isothermal, highly sequence-specific, signal amplification method for the analysis of DNA (19) , which does not require an initial PCR amplification of the target sequence. We have developed a rapid, solid-phase sample preparation method facilitating the detection of the products from the Invader assay by MALDI-TOF MS. We show here the successful use of this approach in the analysis of 12 SNPs directly from human genomic DNA. Our results show that this approach is simple, robust, and accurate, and of great potential for the highthroughput analysis of SNPs.
MATERIALS AND METHODS
Invader Squared Reaction. All oligonucleotides used were synthesized by the University of Wisconsin Biotechnology Center (Madison, WI) or Integrated DNA Technologies (Coralville, IA). All probe oligonucleotides used in the primary Invader reaction were purified by PAGE. All other oligonucleotides were synthesized with the trityl group on and purified by using Sep-Pak C 18 reverse-phase purification cartridges (Waters). Each primary Invader reaction mix consisted of 3 l of nuclease-free water, 1 l of 10ϫ reaction buffer (Third Wave Technologies), 1 l of 10 M primary Invader oligonucleotide, and 2 l of 0.5 g͞l human genomic DNA in water. This reaction mix was incubated at 95°C for 5 min to denature the genomic DNA. The reaction mix was brought to 63°C, and immediately 3 l of a solution containing 75 nmol of MgCl 2 , 5 pmol of each of the two primary probe oligonucleotides, and 100 ng of the Afu FEN 1 enzyme (Third Wave Technologies) was added to give a final reaction volume of 10 l. This primary reaction mix was incubated at 63°C for 2 hr. The reaction was then brought to 50°C and the secondary reaction mix (3 l) was added, which contained 40 pmol of 2Ј-O-methyl-RNA arrestor oligonucleotide, 10 pmol of each secondary probe oligonucleotide and 0.5 pmol of each secondary target oligonucleotide. The secondary reaction was incubated at 50°C for 2 hr.
MALDI-TOF MS Sample Preparation. Solid-phase capture of the biotinylated signal molecules was achieved by adding 100 g of Dynabeads M-280 streptavidin-coated magnetic beads (Dynal, Oslo) contained in 120 l of immobilization buffer (10 mM Tris⅐HCl͞2 M NaCl, pH 7.0) to each completed Invader reaction. This solution was incubated at room temperature for 10 min with gentle shaking. The bead suspension was transferred to a 1.5-ml microcentrifuge tube and placed in a Dynal magnetic concentrator. The beads were then washed once with 125 l of wash buffer 1 (10 mM diammonium citrate͞0.1% SDS, pH 7.0) and then twice with 150 l of wash buffer 2 (200 mM diammonium citrate). The beads were then resuspended in 150 l of ultrapure deionized water, transferred to a clean 1.5-ml microcentrifuge tube, and washed three times with 150 l of ultrapure water. The washed beads were then resuspended in 40 l of freshly prepared elution buffer (1:1 CH 3 OH͞30% NH 4 OH) and incubated at 60°C for 10 min (20) . After this incubation, the microcentrifuge tube was immediately placed in the magnetic concentrator and the supernatant was removed and transferred to a clean tube, being careful to remove the magnetic beads as completely as possible. The volatile elution buffer was then completely removed by centrifugation under reduced pressure for about 15 min. The clean dry sample was then redissolved in 1 l of 1:1 CH 3 CN͞ ultrapure water.
MALDI-TOF MS Analysis. One microliter of MALDI matrix [1% ␣-cyano-4-hydroxycinnaminic acid (␣CHCA) in 1:1 CH 3 CN͞ultrapure water] was spotted on the MALDI sample plate and allowed to air-dry (21) . To the dried matrix crystals, the resuspended sample in 1 l of 1:1 CH 3 CN͞ ultrapure water was added and allowed to air dry. MALDI-TOF MS analysis was done on a PerSeptive Biosystems (Framingham, MA) Voyager DE-STR mass spectrometer using a nitrogen laser at 337 nm with an initial accelerating voltage of 20 kV and a delay time of 100 ns. The instrument was run in reflector mode using negative ion detection with external instrument calibration. All spectra acquired consisted of averaged signal from 50-100 laser shots, and the data were processed by using accompanying PerSeptive Biosystems mass spectrometry software.
DNA Sequencing. DNA sequencing of gel-purified PCR amplicons containing each SNP was done by using the Big Dye terminator cycle sequencing kit (Perkin-Elmer). Sequencing products were run on an Applied Biosystems Prism 377 DNA Sequencer at the University of Wisconsin Biotechnology Center. Data processing was done with Applied Biosystems sequencing software.
RESULTS
Mechanism of the Invader Assay. The Invader assay (19) involves the hybridization of two sequence-specific oligonucleotides, one termed the Invader oligonucleotide and the other termed the probe oligonucleotide, to a nucleic acid (in this case DNA) target of interest (Fig. 1A) . These two oligonucleotides are designed so that the nucleotide on the 3Ј end of the Invader oligonucleotide (nucleotide N in Fig. 1 A) invades at least one nucleotide into the downstream duplex formed by the probe oligonucleotide and the target strand, forming a sequence overlap at that position. The Invader assay is based on the well described (22) (23) (24) (25) ability of the 5Ј-nuclease domains of eubacterial Pol A DNA polymerases and structurally homologous DNA repair proteins called flap endonucleases (FENs) to specifically recognize and efficiently cleave the unpaired region on the 5Ј end of the probe oligonucleotide, resulting in a 3Ј-hydroxyl terminating DNA cleavage product. Relative to a flap formed by simple noncomplementarity of the 5Ј end of the probe oligonucleotide to the target, a flap that contains sequence overlap between the Invader and probe oligonucleotide is cleaved at a dramatically enhanced rate 3Ј of the nucleotide located at the position of overlap (19) (indicated in boldface in the probe oligonucleotide in Fig. 1 A) . It has also been shown that while the nucleotide at the position of overlap contained in the probe oligonucleotide has a strict requirement of complementarity to the target, the overlapped nucleotide (indicated as N) on the 3Ј end of the Invader oligonucleotide does not have to be complementary to the target for efficient enzymatic cleavage of the 5Ј flap (19) . The use of thermostable variants of these flap endonucleases permits the reaction to be run near the melting temperature (T m ) of the duplex formed between the probe oligonucleotide and target, such that cleaved and uncleaved probe oligonucleotides will cycle off and on the target strand. Thus, with excess probe oligonucleotide present in solution, when a probe oligonucleotide is cleaved it is replaced by an uncleaved probe oligonucleotide, which is in turn cleaved and replaced and so on, resulting in a linear accumulation of cleavage product with respect to both time and target strand concentration. The ability of the Invader assay to discriminate with high specificity between DNA target sequences differing by a single nucleotide has been shown (19) .
The Invader Squared Assay. A modification of the Invader assay, called the Invader squared assay, has also been developed (J.G.H., unpublished work), and it is detailed in Fig. 1B . The Invader squared assay is a two-step reaction, in which a primary invasive cleavage reaction is directed against a DNA target of interest, producing an oligonucleotide cleavage product as shown in Fig. 1 A. This cleavage product in turn serves as an Invader oligonucleotide in a secondary invasive cleavage reaction directed against a target oligonucleotide and probe oligonucleotide that are externally introduced into the reaction mix, producing secondary cleavage products (signal molecules) that are then detected. The use of two sequential stages of cleavage reactions approximately squares the amount of amplification of cleavage products compared with a single-stage Invader reaction.
Along with the increased amplification of signal molecules when the Invader squared assay is used, there is also an increased potential for the presence of nonspecific background signal. One step taken to suppress this background potential is to add an excess of a 2Ј-O-methyl-RNA oligonucleotide to the secondary reaction mix, called the arrestor oligonucleotide, that is complementary to the target hybridization sequence of the primary probe oligonucleotide (J.G.H., unpublished work). This arrestor oligonucleotide anneals to the uncleaved primary probe oligonucleotide molecules present after the primary reaction (Fig. 1B) , rendering the 5Ј cleavage product sequence still present on these probe molecules unavailable to undergo hybridization with the secondary target, which can lead to background signal accumulation if allowed to occur. 2Ј-O-methyl-RNA nucleotides are not recognized by the FEN 1 enzyme, ensuring that there is no additional enzymatic cleavage of the structure formed between the arrestor and the probe oligonucleotides. Another step taken to suppress background is to designate the last five nucleotides on the 3Ј end of the secondary target as 2Ј-O-methyl-RNA (denoted as underlined Xs in Fig. 1B) , and also to have a 3Ј-amino group (3Ј-amino-modifier C3, Glen Research, Sterling, VA), rendering this end of the target inert to the enzyme (J.G.H., unpublished results). Design of the secondary target in this way is necessary because the 3Ј end of the relatively short target has the potential to wrap around and act as the Invader oligonucleotide with the secondary probe oligonucleotide, causing nonspecific cleavage and background accumulation of signal molecules. The Invader squared assay was used in this work to obtain signal at a level necessary for robust detection by MALDI-TOF MS. Invader Squared Assay Design for SNP Genotyping by MALDI-TOF MS. Fig. 2 shows the design of the Invader squared assay employed here for the analysis of SNPs in human genomic DNA by MALDI-TOF MS. Fig. 2 A details the general design of the primary reaction. For any SNP, two allele-specific probe oligonucleotides and one Invader oligonucleotide were designed. The probe oligonucleotides each contain an allele-specific hybridization portion (gray shaded region of probes in Fig. 2 A) , differing in sequence by only one nucleotide, at the SNP position of the target. These differing nucleotides are designated in Fig. 2A as X and Y, each being complementary to one of the two possible nucleotides at the SNP position. The nucleotide sequences 5Ј of X and Y in the probe oligonucleotides (designated as arm 1 and arm 2) are not complementary to the target DNA, and they are designed specifically for use in the secondary Invader reaction. The primary Invader oligonucleotide is designed to be complementary to the target upstream of the probe oligonucleotide region, with one additional 3Ј nucleotide (indicated as N in Fig.  2 A) that overlaps the probe oligonucleotide sequence at the SNP position, so that enzymatic cleavage occurs immediately 3Ј of nucleotide X or Y in the probe oligonucleotide. The nucleotide N of the primary Invader oligonucleotide is designed to be noncomplementary to either of the two possible nucleotides found at the SNP position. Previous studies (19) have shown that target specificity is optimal when the polymorphic nucleotide is located at the position of overlap between the probe oligonucleotide and the Invader oligonucleotide; this design confers threefold specificity for SNP detection: First, the Invader oligonucleotide must be complementary to the target and anneal to form the correct overlap structure with the correctly annealed probe oligonucleotide. Second, the endonuclease used in the Invader assay has a strict requirement of absolute complementarity between the target and the nucleotide that occurs at the overlap position in the probe oligonucleotide. Thus, nucleotides X or Y in the probe oligonucleotide must be perfectly complementary to the target at the SNP position in order for the enzyme to recognize the overlap structure and for cleavage to occur. Third, a mismatch at the polymorphic nucleotide between the probe oligonucleotide and the target is thermodynamically destabilizing when the reaction is run near the T m of the duplex. This highly stringent threefold specificity results in the allele-specific accumulation of cleavage products. If the nucleotide complementary to the allele 1 probe is present, then arm 1 cleavage product will accumulate; if the allele 2 nucleotide is present, arm 2 will accumulate; in the case of a heterozygote, both cleavage products will accumulate at similar rates.
The primary reaction was allowed to run for 2 hr at 63°C, resulting in the allele-specific accumulation of either or both arm 1 and arm 2 cleavage products. The reaction was then brought to 50°C and a secondary reaction mix was added that included two allele-specific secondary target oligonucleotides, two secondary probe oligonucleotides, and one arrestor oligonucleotide that anneals to the hybridization sequence common to each of the primary allele-specific probe oligonucleotides (gray shaded region of probes in Fig. 2 A) . The sequences of the secondary target and probe oligonucleotides were designed so that the cleavage products from the primary Invader reaction would anneal specifically to one of the secondary targets and act as the Invader oligonucleotide in the secondary reaction (Fig. 2B) . The two allele-specific secondary systems were designed to produce biotinylated signal molecules of unique molecular weights, so that in the subsequent MALDI-TOF MS analysis the deprotonated, negative, singly charged molecular ion values detected ( purification, as described in Materials and Methods. The production of the signal molecules is contingent on the identity of the cleavage products produced in the allele-specific primary reaction, so that the peaks detected in the MALDI-TOF MS analysis are specific to the alleles present in the genomic DNA sample. Fig. 2C shows the three possible MALDI-TOF MS outputs from this Invader system, corresponding to two possible homozygous genotypes (a single peak at an m͞z value of either 1234 or 1538) or a heterozygous genotype (peaks at both m͞z values). The same two arm sequences shown in Fig. 2 A were used in every pair of SNP-specific primary probe oligonucleotides, which enabled the use of the same secondary oligonucleotides and signal outputs for each unique SNP analyzed. The nucleotides X and Y do not have to be complementary to the secondary target, so primary cleavage products containing any of the four possible nucleotides at the X and Y positions can work as Invader oligonucleotides in the secondary reaction. SNP Genotyping Results. Twelve unique SNPs were successfully genotyped directly from genomic DNA by using this method, and these results are presented in Table 1 . For each SNP analyzed, the primary Invader reaction contained 1 g of genomic DNA and was run at 63°C for 2 hr, followed by a 2-hr secondary Invader reaction run at 50°C. Eleven of these SNPs are located in sequence-tagged sites (STSs) (28) . The position of the factor V Leiden single-nucleotide substitution mutation (26) was also analyzed successfully. PCR-amplified DNA from the same genomic sample was sequenced for each SNP analyzed to confirm the results obtained by the Invader assay and MALDI-TOF MS. Fig. 3 shows representative results from four different SNPs, where both the MALDI-TOF MS output and the conventional sequencing results of the relevant target region are shown.
DISCUSSION
All 12 of the SNPs analyzed by this approach gave unambiguous mass spectral results. Fig. 3 A and B show representative results for homozygous genotypes, where in each case a single peak at the correct m͞z value is observed in the mass spectrum, and this result is confirmed by the sequencing trace. In the case of heterozygous genotypes, two peaks of roughly equal intensities are observed in the mass spectrum, corresponding to the presence of both alleles (Fig. 3 C and D) ; the corresponding sequencing traces show two overlapping peaks at the polymorphic nucleotide, confirming these results. It is also clear that this method effectively discriminates different types of SNPs (G-to-A transitions, G-to-C transversions, etc.). For all of the SNPs analyzed, negative controls were also run in which the Invader oligonucleotide in the primary reaction was omitted, but all other reaction components were added as normal, and in all cases these negative controls showed negligible background signal.
In all but one case, the MALDI-TOF MS genotyping results perfectly matched the sequencing results of PCR amplicons The two possible polymorphic nucleotides are indicated in brackets within each SNP target sequence. A single nucleotide in the results column indicates a homozygote and two nucleotides indicate a heterozygote. *This is a single-nucleotide substitution mutation (26) .
† These SNPs have been previously described (27) . STS, sequencetagged site. Table 1 , analysis by the Invader assay and MALDI-TOF MS approach unambiguously and reproducibly identified the polymorphic nucleotide to be a T (C and T are the two possible nucleotides at this polymorphic position) for the genomic DNA sample analyzed. However, dye-terminator sequencing of the PCR product containing this SNP showed discordant results. In the sequencing of the forward strand, the polymorphic nucleotide was identified as a C; in the sequencing of the reverse strand, the nucleotide was identified as a T.
Although the sequence analysis software was able to identify the polymorphic nucleotide position in both cases, the corresponding fluorescence peaks in the sequencing trace had low signal intensities and were poorly resolved in comparison to other peaks in the trace. Upon inspection of the local sequence around this SNP position, it was discovered that the sequence has the potential to form a hairpin structure, with the polymorphic nucleotide position contained in a three-nucleotide loop resulting from the formation of a seven-base-pair stem structure containing fairly stable G-T mismatch base pairs (29, 30) . The poor quality sequencing data and resulting base identification discrepancy may be due to a gel compression caused by this secondary structure formation. The results from the Invader assay and MALDI-TOF MS analysis of this SNP were unambiguous and reproducible, suggesting that the elevated temperature of the primary Invader reaction (63°C), in conjunction with the specific hybridization requirement of the probe and Invader oligonucleotides, may make this assay less susceptible to problems resulting from secondary structures in the target DNA compared with other methods. The MALDI-TOF mass spectrometric analysis of the signal molecules produced in the Invader squared assay was very rapid, taking only a matter of seconds per sample to obtain a high quality mass spectrum that gave unambiguous SNP genotyping results. The total allele-specific arm cleavage product produced in the primary reaction when starting with 1 g (0.5 amol) of human genomic DNA and allowing the reaction to run for 2 hr is calculated by estimating the enzymatic turnover rate to be 10 cleavage events per minute, to give 10 turnovers per min ϫ 120 min ϫ 0.5 amol of target ϭ 600 amol of total arm cleavage product. In the secondary reaction, the secondary target is in excess so that the output is limited by the amount of primary arm cleavage product that acts as the Invader oligonucleotide in the secondary step. Running the secondary reaction for 2 hr results in the production of approximately 720 fmol of signal molecules (10 turnovers per min ϫ 120 min ϫ 0.6 fmol of primary arm cleavage molecules), which are very easily detected after sample preparation by MALDI-TOF MS. This predicted yield of signal molecules produced in the Invader squared reaction was confirmed by comparison of MALDI-TOF MS signal intensities obtained in control experiments analyzing known amounts of synthetic signal molecule oligonucleotides, with intensities obtained for signal molecules produced in the Invader squared reaction (data not shown).
The signal molecules were designed to be composed entirely of deoxythymidine nucleotides because these oligonucleotides are most resistant to backbone fragmentation in the MALDI process (31, 32) , and they are consequently detected with the greatest sensitivity compared with oligonucleotides of mixed nucleotide composition. Use of these stable homodeoxythymidine signal molecules also allowed for the use of ␣CHCA as the MALDI matrix, which cannot be used for the analysis of oligonucleotides containing mixed nucleotide sequences because of substantial backbone fragmentation of these oligonucleotides in this matrix (33) . Use of ␣CHCA is advantageous because this matrix forms a more confluent, easily sampled, ''lawn'' of crystals on the MALDI probe tip than other MALDI matrices commonly used for DNA analysis. The dispersed crystals formed by other matrices may necessitate some searching on the probe tip to obtain satisfactory signal, which is detrimental to automated sampling in MALDI-TOF MS analyses. Another interesting point is that the sample preparation method employed captures not only the biotinylated signal molecules but also the biotinylated, uncleaved secondary probe oligonucleotides that are added in excess (10 pmol of each probe) in the secondary reaction (Fig. 2B) . As slightly less than 10% of the secondary probes are cleaved in the secondary reaction, more than 9 pmol of each biotinylated, uncleaved probe oligonucleotide is present along with the cleaved signal molecules. Initial experiments (data not shown) showed that significant amounts of uncleaved probes are immobilized on the streptavidin-coated beads, eluted, and spotted on the MALDI probe tip along with the signal molecules. The presence of these longer probes in the MALDI-TOF MS analysis was a potential concern because of the fragmentation propensity of these oligonucleotides when ␣CHCA is used as the matrix (33) . The resultant fragment ions could have m͞z values similar to those of the signal molecules produced in the secondary Invader reaction, leading to increased background levels and possibly yielding false-positive results. However, these fragment ions were not evident in the MALDI-TOF mass spectra. The most likely explanation for this finding is that because long oligonucleotides require higher laser powers for MALDI-TOF MS analysis than short oligonucleotides (34), the laser power used to efficiently detect the short homodeoxythymidine signal molecules is not sufficient to produce signal (or fragmentation products) from the longer uncleaved probe oligonucleotides. This effectively results in a differential detection of the desired signal molecules without interference from the uncleaved probe oligonucleotides or their fragmentation products.
The design of the sequences of the oligonucleotides used in the Invader assay is straightforward, with the only design criterion being that the sequences have duplex thermal stabilities that enable them to be used at the desired reaction temperature (19) . Standard nearest-neighbor methods for predicting DNA duplex stabilities in terms of melting temperatures (T m s) under the enzymatic reaction conditions were used (35, 36) to design the oligonucleotides. This approach resulted in primary probe oligonucleotides with hybridization sequences (gray shaded region in Fig. 2 A) that were 16-23 nucleotides in length, depending on the target sequence, and gave predicted T m values 4-7°C above the reaction temperature of 63°C. The primary Invader oligonucleotides were designed to have a T m about 15-20°C above the corresponding probe oligonucleotides, and were 30-40 nucleotides in length depending on the target sequence. The secondary reaction oligonucleotides, shown in Fig. 2B , were designed similarly to work at a reaction temperature of 50°C. All of the oligonucleotides designed for the SNP analyses shown worked on the first attempt. Therefore, the design of oligonucleotide sequences for use in the Invader assay is simple and robust, indicating that the Invader assay should be effective in analyzing the vast majority of SNPs found throughout the human genome.
The strategy presented here describes a 2-fold multiplexed system (two alleles analyzed per one Invader squared reaction). The efficacy of 24-fold multiplex analysis of 12 separate SNPs by MALDI-TOF MS has been recently shown in a PCR-based assay (37) . Further multiplexing would greatly increase the power of our approach. As evidenced by the results presented here, the Invader assay has the ability to specifically analyze different SNP positions under the same reaction conditions, giving it great potential for multiplex SNP analysis. In a multiplex format, a unique secondary oligonucleotide system would be designed for each different SNP allele being analyzed in the same reaction tube. By designing each allele-specific signal molecule to have a unique mass, the signal molecules from several different multiplex reactions Furthermore, purification methods may need to be developed to remove the many uncleaved secondary probe oligonucleotides and prevent signal suppression in the MALDI-TOF MS analysis. Reaction conditions that eliminate the need for the arrestor oligonucleotide would help to simplify the assay. The 1 g of genomic DNA per SNP currently used in this approach could be reduced by increasing the sensitivity of the MALDI-TOF MS detection of the signal molecules. Miniaturization of the crystalline matrix sample spot on the MALDI sample plate can substantially decrease the detection limit by effectively increasing the concentration of analyte within the volume of matrix crystals that is irradiated by each laser pulse, thus giving a significant boost in the detection sensitivity observed by MALDI-TOF MS. Low femtomole sensitivities for mixed sequence oligonucleotides have been achieved by using nanoliter sample volumes deposited by a piezoelectric device (38) . Simpler methods employing MALDI sample plates coated with hydrophobic materials such as paraffin (39) or Teflon (40) cause aqueous matrix solutions to concentrate into substantially smaller volumes than on metal sample plates when the conventional ''dried droplet'' method (5) is used for sample deposition. As robust detection of DNA present in amounts as low as 25 fmol has been shown with these simple miniaturization techniques (40) , there is hope that a similar increase in MALDI-TOF MS sensitivity can be achieved that would allow the amount of genomic DNA required in the Invader reaction to be decreased to low nanogram levels competitive with PCR-based assays (13) .
In conclusion, integrating the inherent benefits of the Invader assay (highly specific, direct signal amplification without the need for target amplification by PCR) with those conferred by MALDI-TOF MS (extremely rapid and accurate signal detection) represents a significant advance in the development of approaches for the high-throughput genotyping of SNPs. The Invader reaction, sample preparation step, and MALDI-TOF MS analysis can be completed in a total of about 5 hr; by comparison, SNP genotyping by sequencing PCR products, which entails PCR amplification and sample clean-up, followed by enzymatic sequencing and sample clean-up, and finally separation and detection of the sequencing products by gel electrophoresis, takes more than a full day in total to complete. Finally, the relatively simple, isothermal Invader assay and the solid-phase sample preparation procedure lend themselves nicely to automated sample handling, which, combined with the advantages outlined above, make this a powerful approach to the high-throughput genotyping of SNPs for genetic analysis.
